Pneumocystis carinii is an opportunistic fungal pathogen that causes P. carinii pneumonia (PCP) in the immunocompromised host. We investigated the role of antibody Fc-mediated function in passive prophylaxis against the development of PCP in SCID mice. By comparison of anti-mouse P. carinii immunoglobulin G1 monoclonal antibody (MAb) 4F11(G1) and its F(ab)2 derivative in an intranasal immunoprophylaxis model, we determined that Fc-mediated function is required for maximum effect of this antibody. Comparison of efficacy of antibody prophylaxis in SCID mice depleted of complement to that in nondepleted mice demonstrated that complement fixation by MAb 4F11(G1) is also necessary for optimal effect of passively administered antibody, although residual protection was observed in complement-depleted SCID mice. The necessity of complement for optimal PCP prophylaxis by MAb 4F11(G1) suggests that complement may play a role in antibody-mediated protection against development of PCP.
Pneumocystis carinii is an opportunistic fungal pathogen that causes pneumonia in the immunocompromised host. The primary requirement for protection against P. carinii pneumonia (PCP) is normal CD4
ϩ T-cell function (7, 17, 27) , though mice and humans with B-cell deficiencies are also susceptible to PCP (16, 25) , suggesting a role for antibody in protection. Although drug treatments for P. carinii pneumonia exist, poor compliance to drug treatment schedules, recurrent infections, and adverse side effects to the drugs are problems (9, 19) . Therefore, investigation of host-parasite interactions which could lead to new treatment methods is worthwhile.
A growing body of evidence suggests that anti-Pneumocystis antibody therapy may be an effective means of preventing and treating PCP. Hyperimmune sera from mice immunized with P. carinii organisms resolved existing P. carinii infections in SCID mice and decreased the hyperinflammatory reaction inimmune-reconstituted mice (23, 24 ). An early study using an anti-mouse P. carinii antibody demonstrated partial protection against development of PCP (1). Our previous studies demonstrated that SCID mice are also protected from the development of PCP by passive prophylaxis using the anti-P. carinii immunoglobulin M (IgM) monoclonal antibody (MAb) 4F11 or its IgG1 switch variant, MAb 4F11(G1) (2) . MAb 4F11(G1) recognizes multiple, similar epitopes on the surface of P. carinii isolated from mice within at least two different antigens, kexin and cDNA clone A12 (13, 29) . MAb 4F11(G1) is also capable of recognizing P. carinii derived from humans, rhesus macaques, rats, and ferrets (2, 29) .
In this investigation, we set out to determine the mechanism of protection against development of PCP by MAb 4F11(G1). Specifically, we wanted to determine whether protection by MAb 4F11(G1) was mediated through antibody Fc regiondependent mechanisms, such as complement fixation and/or Fc receptor-mediated phagocytosis by macrophages or neutrophils, or whether it occurred in the absence of Fc region via binding and agglutination of P. carinii organisms.
MATERIALS AND METHODS
Antibodies. An IgG1 switch variant of IgM monoclonal antibody 4F11(G1) specific for mouse P. carinii Kex1 and cDNA clone A12 (2, 13, 29) and an anti-Haemophilus influenzae IgG1 monoclonal antibody were purified from ascites fluid by passage over a protein A-Sepharose column (Pierce, Rockford, Ill.).
Mice. Pathogen-free SCID (C.B-Igh-1 b /IcrTac-Prkdc scid ) mice were obtained from Taconic Farms (Germantown, NY), housed in microisolator cages in the University of Rochester animal care facilities, and fed sterile food and water. All procedures performed were subject to University of Rochester Committee on Animal Resources approval.
Production, purification, and antigen binding analysis of F(ab)2 fragments of 4F11(G1). Aliquots containing 1.5 mg of purified 4F11(G1) in digest buffer (0.1 M sodium citrate, 5 mM EDTA, 1 mM cysteine, pH 6.0) were digested overnight into F(abЈ)2 fragments and Fc fragments by using an immobilized Ficin chromatography column as described by the manufacturer (Pierce). Digested protein was eluted by application of 4 ml of binding buffer (0.1 M sodium citrate, 5 mM EDTA, pH 6.0) to the Ficin column, and Fc fragments and intact IgG molecules were removed by passage over a protein A affinity chromatography column. Purity of the F(abЈ)2 fragments in the protein A column flowthrough was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and silver staining. Protein concentrations of F(abЈ)2 preparations were determined by bicinchoninic acid assay as described by the manufacturer (Pierce). F(abЈ)2 fragments were adjusted to a concentration of 1 mg/ml and filter sterilized, and single-use aliquots were stored at Ϫ80°C until use. Antigen binding capability of F(abЈ)2 fragments was determined by enzyme-linked immunosorbent assay (ELISA). Plates were coated with sonicated P. carinii-infected mouse lung homogenates diluted to an approximate protein concentration of 1 to 10 g/ml in carbonate-bicarbonate buffer. The plates were incubated with twofold dilutions of either 4F11(G1) or 4F11(G1) F(abЈ)2 fragments, starting at a concentration of 60 g/ml in triplicate wells. A goat anti-mouse IgG FabЈ-specific antibody conjugated to alkaline phosphatase was used as a secondary antibody. Control wells received secondary antibody alone. The optical density at 660 nm was determined after 20 min of color development using a 96-well plate reader (Bio-Rad, Hercules, CA).
Intranasal immunization of mice and cohousing. Starting on day 1 of the experiment and continuing daily through day 16, groups of six to seven mice were given 50 l of a 1-mg/ml suspension of either 4F11(G1), 4F11(G1) F(abЈ)2, or anti-H. influenzae type b monoclonal antibody intranasally under light ketaminexylazine (experiment 1) or halothane (experiment 2) anesthesia. All mice in the different treatment groups were cohoused together with three P. carinii-infected source mice to ensure equal exposure to P. carinii beginning on day 1 and ending on day 14, at which time the three treatment groups were separated and removed from the source mice. Mice were sacrificed by intraperitoneal (i.p.) injection of sodium pentobarbital on day 42 for experiment one and on day 54 for experiment 2, and lungs were removed and stored at Ϫ80°C until use. For analysis of the role of complement in MAb 4F11(G1) PCP prophylaxis, mice received either two doses of 5 U cobra venom factor (Calbiochem, La Jolla, CA) or sterile saline i.p. on day 1 of the passive prophylaxis experiment and every 5 days thereafter, ending on day 14. This method has been shown previously to deplete mice of circulating complement components (26) . Half of the complement-depleted mice and half of the nondepleted mice also received daily doses of 50 l of a 1-mg/ml suspension of MAb 4F11(G1) intranasally (i.n.), while the other half received 50 l of sterile saline i.n. The mice were cohoused with three P. carinii-infected source mice for 14 days, at which time the source mice were removed and the mice were given three additional daily doses of antibody or saline. The mice were sacrificed 6 weeks after completion of cohousing, and their lungs were removed for determination of P. carinii burden.
Real-time PCR analysis of P. carinii kex1 gene copy number. P. carinii burden was calculated using real-time PCR as previously described (3). Briefly, real-time PCRs used a primer/fluorogenic probe set specific for a 96-bp region of the P. carinii kex1 gene (Applied Biosystems, Foster City, CA). This gene is present as a single copy within the mouse P. carinii genome (13), allowing organism burden to be determined by comparison to a standard curve generated by using 10-fold dilutions of a known copy number of the plasmid pRSETB (Invitrogen, Carlsbad, CA) containing P. carinii kex1. Copy number was calculated from the plasmid molecular weight and concentration as determined spectrophotometrically at A 260 and adjusted to give a starting copy number of 10 10 /ml. Lung homogenate samples were prepared by processing 150 mg P. carinii-infected mouse lung tissue per 1 ml sterile phosphate-buffered saline using a Kinematica Polytron model PT2100 electric tissue stomacher (Brinkmann, Westbury, NY). For PCRs, homogenates were subjected to three freeze-thaw cycles followed by boiling for 20 min and centrifugation to remove debris. PCRs used 2.5 l of a 1:3 dilution of cleared supernatant as template. Real-time PCR quantification of organism burden was performed by the ABI Prism 7000 sequence detection system and its associated SDS software version 1.0 (Applied Biosystems). Organism burdens of the different treatment groups were compared using Student's t test. Observations shown to be statistically significant by t test were confirmed by a two-factor analysis of variance. The Student-Newmann-Keuls method was used for multiple pairwise comparisons.
RESULTS
Preparation and testing of MAb 4F11(G1) F(ab)2 fragments. As shown in Fig. 1A , the F(abЈ)2 preparation was devoid of intact heavy chain when 1 g of preparation was analyzed by SDS-PAGE and silver staining (Fig. 1A, lane 3 ). An ELISA was used to confirm that MAb 4F11(G1) F(abЈ)2 fragments recognized P. carinii antigens. As shown in Fig. 1B , the F(abЈ)2 fragment preparation recognized P. carinii antigens at antibody concentrations as low as 0.47 g/ml. The higher optical densities at 660 nm for the F(abЈ)2 preparation compared to intact MAb 4F11(G1) are reflective of the presence of more F(abЈ)2 molecules at equal protein concentrations, as F(abЈ)2 molecules are approximately two-thirds the size of the intact IgG.
The Fc portion of MAb 4F11(G1) is required for protection against PCP. To determine whether the Fc region of MAb 4F11(G1) was required for protection, we compared the efficacy to intact MAb 4F11(G1) and purified F(abЈ)2 fragments of MAb 4F11(G1) in a passive immunoprophylaxis model (2) . SCID mice were treated with equivalent amounts of either intact MAb 4F11(G1), F(abЈ)2 fragments of MAb 4F11(G1), or an isotype-matched control anti-H. influenzae monoclonal antibody which does not cross-react with mouse P. carinii (data not shown). For these experiments mice were cohoused in colony cages with three P. carinii-infected SCID mice to serve as a source of infection. The mice then received three additional daily doses of the appropriate antibody preparation to ensure that mice that may have been protected during the cohousing period did not acquire a P. carinii infection from organisms inadvertently transferred to the new cages. On day 42 of experiment 1 or day 54 of experiment 2, the mice were sacrificed and their lungs were removed for P. carinii burden determination by quantitative real-time PCR using the singlecopy kex1 gene (13) as a target. As seen in Table 1 , P. carinii burden was significantly greater in the 4F11(G1) F(abЈ)2-treated group (P Յ 0.001 for experiment 1 and P ϭ 0.005 for experiment 2) and anti-H. influenzae MAb-treated group (P Յ 0.001 for experiments 1 and 2) compared to the intact MAb 4F11(G1)-treated group. Compared to mice treated with intact MAb 4F11(G1), mice treated with the F(abЈ)2 preparation had approximately 10-fold more organisms in their lungs, despite using more molecules of F(abЈ)2 antibody fragments. Mice treated with the isotype-matched control anti-H. influenzae monoclonal antibody had 13-to 14-fold greater organism burdens than mice treated with intact MAb 4F11(G1). Mice treated with the F(abЈ)2 fragment had approximately half as To determine whether complement was required for passive protection by MAb 4F11(G1), we repeated the passive prophylaxis experiments using cobra venom factor to deplete complement. Half of the complement-depleted mice and half of the nondepleted mice also received daily doses of 50 l of a 1-mg/ml suspension of MAb 4F11(G1) i.n., while the other half received 50 l of sterile saline i.n. The mice were cohoused with three P. carinii-infected source mice for 14 days, at which time the source mice were removed and the mice were given three additional daily doses of antibody or saline. The mice were sacrificed 6 weeks after completion of cohousing, and their lungs were removed for determination of P. carinii burden by quantitative real-time PCR. While complement depletion had no effect on organism burden in mice that received intranasal saline compared to nondepleted mice treated with intranasal saline, complement depletion was shown to decrease the amount of protection provided by MAb 4F11(G1) ( Table 2) . Complement-sufficient mice treated with MAb 4F11(G1) had a 22-fold reduction in organism burden compared to saline-treated mice (P Յ 0.01). Complement-depleted mice treated with MAb 4F11(G1) had only a fourfold reduction in organism burden compared to saline-treated mice (P Յ 0.01), significantly lower than the amount of protection in nondepleted mice (P Յ 0.01). The differences in organism burden were corroborated by blinded microscopic quantification of silver-stained P. carinii cysts in individual lung homogenate samples (data not shown). The results of these experiments suggest that complement is required for optimal protection against the development of PCP by MAb 4F11(G1).
DISCUSSION
Despite the many recent advances in our understanding of host defense against P. carinii, we still do not understand the final mechanism of host-mediated destruction of this organism. These studies were undertaken to add to our understanding of how humoral immune factors might be involved in the control of P. carinii. We have shown that the Fc region of MAb 4F11 is essential for optimal effect of the antibody in PCP prophylaxis. Prophylaxis against PCP using F(abЈ)2 fragments of MAb 4F11 was approximately 90% less effective than prophylaxis with the intact molecule. The Fc regions of IgG1 molecules are recognized by Fc receptors on the surface of phagocytes which, upon binding IgG-opsonized organisms, leads to phagocytosis. Enhanced phagocytosis by alveolar macrophages may be the potential mechanism by which MAb 4F11 protects against development of PCP.
In addition to Fc receptor-mediated phagocytosis, antibody can also enhance phagocytosis through activation of the complement cascade and deposition of complement component C3b on the surface of the pathogen. Since complement activation by antibody is also Fc dependent, we decided to test the requirement for complement in MAb 4F11(G1) prophylaxis. Mice treated with cobra venom factor during MAb 4F11(G1) prophylaxis had significantly greater P. carinii burdens than mice with intact complement systems, suggesting that complement is required for an optimal effect of MAb 4F11(G1) in protecting against the development of PCP. This was somewhat surprising, given the low relative ability of IgG1 to fix complement compared to other antibody isotypes. However, under conditions of high epitope density, mouse IgG1 exhibits enhanced ability to fix complement (20) . In addition, IgG1 mediates rejection of xenografts (30) . This effect of IgG1 was only demonstrable in the presence of complement, NK cells, and functional Fc receptor activity on the NK cells. Thus, in addition to traditional interactions with phagocytic cells, IgG1 may fix complement as a means of increasing the interaction of NK cells with their target. Whether this function of IgG1 is confined to graft rejection or can also be implicated in control of infection is unknown. It should be noted, however, that NK cells have direct antifungal activity (15, 18, 22) . Nonetheless, our results suggest that complement fixation by MAb 4F11(G1) plays a role in protection against P. carinii.
Our earlier study showed that an IgM isotype variant of MAb 4F11(G1) was also capable of preventing PCP in SCID mice (2) . Since there are no known receptors for IgM on phagocytes and IgM is a highly efficient activator of complement, it is possible that the protective effects of IgM MAb 4F11 are through complement activation. Interestingly, stimulation of the respiratory burst by phagocytes after phagocytosis of P. carinii is greatest in the presence of the combination of both antibody and complement (8, (10) (11) (12) , and complement fixation enhances in vitro phagocytosis of P. carinii compared to unopsonized P. carinii (28) . It is possible that opsonization by complement through the classical pathway led to enhanced PCP prophylaxis in our experiment. It has not been demonstrated that the membrane attack complexes formed by C6 to C9 of the complement system are capable of causing P. carinii lysis, though it is possible that complement-mediated lysis of P. carinii trophozoites may have occurred in our experiment. Although complement was necessary for optimal prophylaxis in our model system, C3 knockout mice are not susceptible to PCP (14) , suggesting that complement is not required for protection against PCP in mice with functioning CD4 ϩ T cells. Complement has also been shown to be essential for antibody-mediated protection against the fungal pathogen Candida albicans (6) . In C. albicans, complement fixation has been linked to epitope specificity, location, and density (4, 5) . MAb 4F11(G1) recognizes multiple copies of similar epitopes that are uniformly distributed on the surface of the organism (13, 29) , an attribute that likely contributes to protection by this antibody.
In the absence of complement, partial protection against development of PCP by MAb 4F11(G1) is dependent on another antibody Fc region-mediated function, and antigen recognition alone is insufficient for protection by this antibody. Antibody opsonization of P. carinii enhanced in vitro phagocytosis and stimulation of the respiratory burst by neutrophils and macrophages (10, 11) and enhanced tumor necrosis factor alpha production by alveolar macrophages (21) . We have determined that MAb 4F11(G1) opsonization of P. carinii leads to enhanced phagocytosis by the THP-1 monocyte line in vitro (data not shown), suggesting that Fc receptor-mediated phagocytosis of MAb 4F11(G1)-opsonized P. carinii may account for the fourfold reduction in organism burden in the absence of complement shown in Table 2 . It would be interesting to see whether MAb 4F11 could provide passive protection in mice that are unable to phagocytose IgG1-opsonized pathogens, such as knockouts in the common gamma chain of Fc␥ receptors. It has been shown that the common gamma chain knockout strain does not succumb to P. carinii pneumonia, though this mouse strain does show a delay in clearance of the pathogen (14) ; therefore, these mice would have to be crossed with SCID mice to render them susceptible to infection by P. carinii.
This study has provided insight into how anti-P. carinii antibodies act to prevent P. carinii infection. By understanding the mechanism by which MAb 4F11(G1) provides protection against development of PCP, we may be able to design more effective PCP prophylaxis in humans.
